Carbon fiber-reinforced plastic composites have many superior properties, including low density, high strength-toweight ratio, and good durability, which make them attractive in many industries. However, due to anisotropic properties, high stiffness, and high abrasiveness of carbon fibers in carbon fiber-reinforced plastic, high cutting force, high tool wear, and high surface roughness are always caused in conventional machining processes. This article reports an investigation using rotary ultrasonic machining in surface grinding of carbon fiber-reinforced plastic composites in order to develop an effective and high-quality surface grinding process. In rotary ultrasonic machining surface grinding of carbon fiber-reinforced plastic composites, tool selection is of great importance since tool variables will significantly affect output variables. In this work, the effects of tool variables, including abrasive size, abrasive concentration, number of slots, and tool end geometry, on machining performances, including the cutting force, torque, and surface roughness, are experimentally studied. The results show that lower cutting forces and torque are generated by the tool with higher abrasive size, lower abrasive concentration, and two slots. Lower surface roughness is generated by the tool with smaller abrasive size, smaller abrasive concentration, two slots, and convex end geometry. This investigation will provide guides for tool selections during rotary ultrasonic machining surface grinding of carbon fiber-reinforced plastic composites.
Introduction
Carbon fiber-reinforced plastic (CFRP) composites consist of carbon fiber and polymer. Carbon fiber is used to support the load, and polymer is used to transmit the load to carbon fibers and to bind and protect the fibers.
many industries, such as aerospace, automobile, electronics, medical device, and sports. 2, [9] [10] [11] [12] The near-net-shaped parts can be fabricated after CFRP composites' molding processes. 13, 14 Additional machining processes, including hole making and surface/ edge machining, are still required to obtain the desired tolerances, dimensional precision, and shape in order to meet the application requirement including fitting and joining. 13, [15] [16] [17] [18] During the assembly, the workpieces often need to be drilled for joining. 19 Surface machining also plays an important role in obtaining the final quality of CFRP composites. 3, 4, 19, 20 Surface machining processes, such as grinding and milling, are used to remove a small amount of materials to generate functional surfaces with good surface quality and high dimensional accuracy. 4 Compared with surface milling, surface grinding can produce even better surface quality and higher dimensional accuracy. 4, 7, 8 However, the problems of traditional surface grinding still exist in some aspects, including high cutting force, high tool wear, high surface roughness, and high cutting temperature. 3, 4, 7, 9 It became critical to find an effective, efficient, and high-quality surface machining process for solving these problems. This article reports on such a surface machining process: rotary ultrasonic machining (RUM).
It was reported that RUM could generally decrease the cutting force, cutting temperature, tool wear, surface roughness, and workpiece delamination in CFRP composites' hole making. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] RUM surface grinding has been used in machining of many materials, including ceramics, silicon, titanium alloys, medium carbon steels, as well as CFRP composites. [33] [34] [35] [36] [37] [38] [39] [40] [41] However, there are no reported investigations on the effects of tool variables on output variables in RUM surface grinding of CFRP composites. RUM material removal mechanisms consist of ultrasonic machining and traditional grinding process. During RUM machining, the rotating tool vibrates at an ultrasonic frequency (typically 20 kHz). The cutting tool feeds toward the workpiece at a constant feedrate along its axial direction for RUM hole making (as illustrated in Figure 1(a) ) or along the top surface of the workpiece for RUM surface grinding (as illustrated in Figure 1(b) ). The coolant is pumped through the core of the grinding tool to wash away the swarf and prevent the tool from overheating.
In RUM surface grinding of CFRP composites, tool selection is very important since tool variables will significantly affect output variables. However, there are no reported investigations on the effects of tool variables in such a process. The investigation in this article for the first time studies the effects of tool variables (including abrasive size, abrasive concentration, number of slots, and tool geometry) on output variables (including the cutting forces in both feeding direction and axis direction, torque, and surface roughness) of the process. The investigations on RUM surface grinding of CFRP composites with different tool variables will be beneficial to tool selection for future research.
This article consists of four sections. After the ''Introduction'' section, workpiece properties, experimental setup, and measurement procedures are described in the second section. And then the experimental results are presented in the third section. Finally, conclusions are drawn in the fourth section.
Workpiece properties, experimental setup, and measurement procedures
Workpiece properties
The CFRP composite workpieces used in this investigation were composed of plain woven carbon fibers and epoxy resin matrix, as illustrated in Figure 2 . They all had 10 layers of carbon fabric with the 0°/90°orienta-tion of the carbon fiber yarn in the woven structure. The size of the workpiece was 326 mm 3 20 mm 3 6 mm. The properties of the CFRP composite workpiece material are listed in Table 1 .
Experimental setup
The experiments of this investigation were performed on a rotary ultrasonic machine (Series 10; Sonic-Mill, Albuquerque, NM, USA). As shown in Figure 3 , the RUM experimental setup includes an ultrasonic spindle system, a coolant system, and a data acquisition (DAQ) system. The ultrasonic spindle system was composed of ultrasonic power supply, ultrasonic spindle, and motor with rotation-speed controller. The ultrasonic power supply was used to convert low-frequency (60 Hz) line electricity to the constant high-frequency (20 kHz) electrical energy. The frequency of the ultrasonic vibration was fixed and maintained at 20 kHz. The ultrasonic power supply could control the amplitude of the ultrasonic vibration through input power percentage. The high-frequency electrical energy was supplied to the piezoelectric converter (located inside the ultrasonic spindle) to be converted into high-frequency mechanical vibration (ultrasonic vibration). The ultrasonic vibration was then transmitted to the grinding tool through ultrasonic spindle. The rotation motion of the spindle was provided by the motor which was assembled on the top of ultrasonic spindle. The coolant system, composed of pressure regulator and gauges, values, flow rate, pump, and coolant tank, provided coolant to the spindle and the interface between the tool and the workpiece. The DAQ system was used to collect experimental data during the experiments. More detailed information for this DAQ system will be discussed in measurement procedures. To achieve the surface grinding feeding motion, a horizontal feeding system was setup, as shown in Figure 4 . The horizontal feeding motion was supplied by a linear stage (D-slide 400 mm; Newmark, Rancho Santa Margarita, CA, USA) and the feedrate was controlled by a motor controller (NSC-A1; Newmark) and a software (QuickMotion NSC-A1; Newmark). Both the workpiece and the dynamometer were fixed on the platform of the linear stage.
Measurement procedures
Cutting force and torque. The DAQ system shown in Figure 3 was used for the cutting force and torque measurement. The cutting force in the horizontal feeding direction (F x ), the cutting force in the vertical axis direction (F z ), and the torque were measured by a dynamometer (Type 9272; Kistler Inc., Winterthur, Switzerland). The electrical signals from the dynamometer were amplified by a charge amplifier (Type 5070; Kistler Inc.). After that, the amplified electrical signals were transformed into digital signals by the analog-to-digital (A/D) converter (Type 5697A; Kistler Inc.). The digital signals were acquired by a computer with the help of DynoWare software (Type 2825D-02; Kistler Inc.).
In the RUM process, the cutting force changed with time and the fluctuation was in a certain range. Figure 5 shows the typical cutting force in the feeding direction (F x ) fluctuating with time in RUM surface grinding. There are three major sections in this curve. Once the cutting tool touched the workpiece, the cutting force kept increasing until the tool was fully fed into the workpiece (as shown in section (a) of Figure 5 ). Section (b) in Figure 5 covered the process with the tool fully fed into the workpiece. If the cutting tool started leaving the workpiece, the cutting force kept decreasing to 0, as shown in section (c) of Figure 5 . The cutting force used in the investigation is the average value in section (b) of Figure 5 . Similar reading methodology will also be used in obtaining the cutting force in the axis direction (F z ) and torque.
Surface roughness. A surface profilometer (Surftest-402; Mitutoyo Corporation, Kanagawa, Japan) was used to measure surface roughness. The test range and cut-off length were set at 4 and 0.8 mm, respectively. The average surface roughness value (R a ) was used in this investigation. As shown in Figure 6 , four positions were selected for the measurement of surface roughness. Two of them located in the cutting entrance area, and the other two located in the exit area. Each measurement was repeated three times in each position. 
Cutting tools and experimental conditions
The metal bonded diamond grinding tools were used in surface grinding of CFRP composites using RUM. The detailed tool variables are listed in Tables 2 and 3 . These cutting tools can be classified into four groups: (1) tools with different abrasive sizes (as shown in Table 2 ), (2) tools with different abrasive concentrations (as shown in Table 2 ), (3) tools with different numbers of slots (as shown in Figure 7 (a)-(c)), and (4) tools with different end geometries (as shown in Figure 7 (d)-(f) and Table 2 ).
The experimental conditions are listed in Table 3 . In the experiment, machining variables (include tool rotation speed, feedrate, material removal volume, and ultrasonic power) were kept the same. The machining process was performed three times under each machining condition.
Experimental results and discussion

Effects on cutting force
The effects of tool variables (including abrasive size, abrasive concentration, number of slots, and tool geometry) on the cutting forces in both the feeding direction (F x ) and the axial direction (F z ) were investigated.
Effects of abrasive size. Figure 8 shows the effects of abrasive size on both F x and F z . Both F x and F z decreased with the increase in abrasive size. F x was always higher than F z and had larger variation than F z . The largest abrasive size also generated the largest difference between F x and F z . The relationship between the cutting forces and abrasive size agreed with other reported trends in surface grinding processes of CFRP 7 and RUM drilling processes. 30 The number of abrasive grains, participating in machining, on the outside face and end face of RUM tool can be obtained by equations (1) and (2), respectively 27 n x = 0:88 3 10
n z = 0:88 3 10 where n x and n z are the numbers of abrasive grains on the outside face and end face of RUM tool, respectively; C a is the abrasive concentration; d is the abrasive size (diameter in millimeter); r is the material density of abrasive grain (g/mm 3 ), r = 3.52 3 10 23 g/mm 3 for diamond; A 0x and A 0z are the outside-face and end-face areas of the cutting tool, respectively (mm
is the outer diameter of RUM tool, mm; D i is the inner diameter of the tool, mm; and DoC is the depth of cut, mm). It can be seen from equations (1) and (2) that the number of abrasive grains on both the outside face and end face of the tool decreases with the increase in abrasive size.
The relationship between F x and F z and the number of abrasive grains participating in machining can be obtained from equations (3) and (4), respectively 27,30,37
where Dt is the effective cutting time (s); f is the ultrasonic frequency (Hz); F 1x and F 1z are the average cutting forces for one grain in the feeding and axial directions, respectively (N).
As can be seen from equations (1) and (2), the increase in abrasive-grain diameter caused the decrease in the number of active grains participating in machining on both the outside and end faces. Because total material removal rate (MRR) was kept the same (5.08 mm 3 /s), the average MRR for one grain (MRR 1 ) was increased, leading to the increase in both F 1x and F 1z forces. 3, [42] [43] [44] [45] [46] With equations (3) and (4), the decrease rate of active abrasive-grain number might be larger than the increase rate of F 1x or F 1z forces, leading to the decrease in the cutting forces. 27, 30, 37 . In addition, it was also reported that in general grinding process, the smaller abrasive grain has faster wear rate, leading to the increase in the cutting forces. 43, 47, 48 Effects of abrasive concentration. The effects of abrasive concentration on the cutting forces in both the feeding direction (F x ) and the axial direction (F z ) are shown in Figure 9 . It can be seen that compared with abrasive concentration of 75 (54 carats of diamond grains are in per cubic inch 49 ), using RUM tool with abrasive concentration of 100 (72 carats of diamond grains are in per cubic inch 49 ) resulted in both higher F x and higher F z . For each tool, F x was always higher and had larger variation than F z . The tool with abrasive concentration of 100 generated larger difference between F x and F z . The trends agreed with the cutting force model (F z ) for RUM drilling of the brittle materials. 27, 30 It can be seen from equations (1) and (2) that with an increase in abrasive concentration, the number of grains participating in machining increased. Comparing to the tool with abrasive concentration of 75, the tool with abrasive concentration of 100 had larger number of active grains participating in machining. Since the total MRR was kept the same (3.81 mm 3 /s), the onegrain MRR 1 was smaller for the tool with abrasive concentration of 100, resulting in the decrease in indentation depth d and then the decrease in effective contact time (one grain), leading to decreased F 1z , 30 and the decrease in one-grain MRR 1 also caused the decrease in F 1x . 3, [42] [43] [44] [45] [46] In equations (3) and (4), the effects of the increase in the number of abrasive grains participating in machining might have overridden the effects of the decrease in F 1x or F 1z , resulting in an increase in the cutting force. 27, 30, 37 Another possible reason was that comparing to the tool with abrasive concentration of 75, the tool with abrasive concentration of 100 had larger total cutting contact between the tool and the workpiece, resulting in the increase in the mechanical load and then the increase in the cutting forces (F x and F z ). 50 In RUM surface grinding of CFRP, larger total cutting contact between the tool and the workpiece led to increased grinding chips, diamond and resin bond debris from tool, and then higher friction force between the tool and the workpiece, resulting in higher cutting forces. Effects of number of slots. The effects of the number of slots on the cutting forces can be seen from Figure 10 .
Both F x and F z first decreased and then increased with the increase in the number of slots. They both reached the lowest when using two-slot cutting tool and the highest when using no-slot cutting tool. In general, comparing with the tools without slots, the tools with slots could decrease both F x and F z . For each tool, F x was always higher than F z . The tool without slots had larger variation in both F x and F z and generated larger difference between F x and F z . The possible reason was that the tool without slots had the largest number of abrasive grains participating in machining on both the outside and end faces of the tool. When the total MRR was kept the same, the larger number of active abrasive grain caused the smaller one-grain MRR 1 , leading to lower F 1 (F 1x and F 1z ). However, the effects of the increase in the number of active abrasive grains might have overridden the effects of the decrease in F 1x or F 1z , resulting in the cutting forces using the tool without slots being higher than using the two-slot or four-slot tools. 27, 30, 37 Another possible reason was that more active abrasive grains led to larger active cutting contact, resulting in higher cutting forces in both the directions (F x and F z ). 50 In addition, the slots on the tools would increase the coolant flow rate, decreasing the friction force at the interface between the tool (end face and outside face) and the workpiece. For this reason, both F x and F z were decreased when the tools with slots were used. Comparing with the two-slot tool, the four-slot tool had less abrasive grains participating in machining, leading to higher tool wear and onegrain MRR 1 (the total MRR was the same, 3.81 mm 3 /s) and then resulting in higher F 1x and F 1z . 3, [43] [44] [45] [46] [47] [48] Using equations (3) and (4), the increase rate of F 1x and F 1z might play a more important role than the decreasing rate of active abrasive-grain numbers, resulting in the cutting forces using the four-slot tool being higher than using the two-slot tool. 27, 30, 37 Effects of tool geometry. The effects of tool geometry on both F x and F z are shown in Figure 11 . It can be seen from Figure 11 that the concave tool generated the highest F x and the convex tool generated the lowest F x . For F z , the highest value was found in RUM using the convex tool and the lowest was obtained in RUM using the flat tool. For both the convex and concave tools, F z forces were higher than F x forces; however, the flat tool had opposite relationship. The convex tool caused the largest variation in both F x and F z and the largest difference between F x and F z .
In this experiment, the areas of tools participating in machining included the outside and end faces. The outside-face areas were 29.92, 29.92, and 48.7 mm 2 for the flat tool, concave tool, and convex tool, respectively. The end-face areas were 51.62, 7.64, and 4.12 mm 2 for the flat tool, concave tool, and convex tool, respectively. During this experimental investigation, to keep the total MRR the same (3.81 mm 3 /s), the depth of cut (1.4 mm) using the convex tool was larger than that (1 mm) using the flat or concave tool. The depth of cut played a dominant role in F z , and larger depth of cut resulted in higher F z force. 3, [45] [46] In addition, larger friction force was generated between the outside face of the convex tool and the workpiece. With this case, F z force generated from the convex tool was the highest among these three kinds of tools.
Comparing to the flat or convex tools, the concave tool had smaller number of grains taking part in machining processes, causing larger one-grain MRR 1 (as well as F 1x ) and higher tool wear. In equation (3), the decreased rate of the number of active abrasive grains might have smaller influence on F x than the increase in F 1x , resulting in using the concave tool generating the highest F x . 27, 30, 37 In addition, it can be seen from Figure 12 that when using the convex tool, the cutting force perpendicular to the major cutting contacting interface could be divided into two parts, F# x (F cos a) and F# z (F sin a). However, when using the flat Figure 10 . Effects of number of slots on cutting force. Figure 11 . Effects of tool geometry on cutting force.
or concave tool, the cutting force perpendicular to the major cutting contacting interface was F x . This was the possible reason why F x generated by the convex tool was the lowest.
Effects on torque
The torque was correlated with the cutting forces in both the directions (F x and F z ) in machining and equaled to the cutting force by moment arm of force. In this investigation, it was shown from Figures 13-16 that the changing trends of the torque were consistent with those of the cutting forces in the axial direction, F z . This result agreed with all formal investigations in RUM hole making of CFRP composites and stainless steel. The explanations of the effects on the cutting forces can also be used to explain the effects on the torque. 23, 24, 31, 32, 51, 52 Effects of abrasive size. Figure 13 shows the effects of abrasive size on the torque. It can be seen that the larger abrasive size generated higher torque and torque variation in RUM surface grinding of CFRP.
Effects of abrasive concentration. The relationship between abrasive concentration and torque is illustrated in Figure 14 . It is shown that compared with the tool with abrasive concentration of 75, the tool with abrasive concentration of 100 generated higher torque and torque variation in RUM surface grinding of CFRP.
Effects of number of slots. Figure 15 illustrates the effects of the number of slots on the torque. It is shown that the two-slot tool resulted in the lowest torque and torque variation, and the tool without slots caused the highest torque and torque variation in RUM surface grinding of CFRP.
Effects of tool geometry. Figure 16 shows the effects of tool end geometry on the torque. It can be seen that the flat tool generated the lowest torque and torque variation, and the convex tool caused the highest torque and torque variation in RUM surface grinding of CFRP. For the convex tool, the moment arm of force was lower than using the flat or concave tools. However, the increasing rate of the cutting force was much larger than the decreasing rate of arm of force, resulting in the highest torque using the convex tool.
Effects on surface roughness
The effects of tool variables (including abrasive size, abrasive concentration, number of slots, and tool geometry) on surface roughness (the average surface roughness, R a ) were investigated and are shown in Figures 17-20 . The contact (including contacting force, contacting time and area, and lubrication conditions) between the tool and the workpiece will affect surface roughness. 9, 36, 43, 50, 53 Effects of abrasive size. Figure 17 illustrates the effects of abrasive size on surface roughness. It was shown that surface roughness and its variations increased with the increase in abrasive size. The results also agreed with those in other processes, such as grinding of CFRP, steel-ceramic composites, and ceramic matrix composites, and RUM of CFRP, Ti, ceramics, and so on.
7,50,54-60
The possible reason for R a and its variation changes was that by equations (1) and (2), the increase in abrasive size (abrasive-grain diameter) caused the decrease in the number of active grains participating in machining on both the outside and end faces. And then it caused the decrease in the total cutting contact resulting in the increase in surface roughness. It can be interpreted by the kinematic overlap factor, which represented the overlapping of all abrasive grains' participation in grinding a specific area. The decreasing total cutting contact (larger abrasive size) caused the decrease in the kinematic overlap factor. The smaller overlap factor caused a larger surface roughness. 50 In addition, the smaller abrasive size caused smaller onegrain MRR 1 , resulting in shallower wear scars, less fiber fracture, and smaller chipping length. As a result, surface roughness was decreased using the tool with smaller abrasive size. 60 Effects of abrasive concentration. Figure 18 shows the effects of abrasive concentration on surface roughness. It can be seen that the grinding tool with abrasive concentration of 100 generated larger surface roughness R a and its variation than the tool with abrasive concentration of 75. The relationship between abrasive concentration and surface roughness was similar to that between abrasive concentration and F x . This finding was consistent with RUM of titanium alloy. 58 The possible reason of this relationship was that the larger concentration caused larger workpiece temperature in machining. 47 The higher temperature may lead to some resin soften, resulting in larger surface roughness. 7, 61 Another possible reason was that the increase in contacting force F x caused the increase in load of the cutting tool, leading to the increase in the rate of tool wear. The CFRP composites were not sharply cut, resulting in the increase in surface roughness. 9, 36 In addition, the tool with abrasive concentration of 75 had more cavities between the tool and the workpiece, and the cavities can carry coolant and clean the cutting chips. Therefore, the tool with abrasive concentration of 75 contributed to a smaller surface roughness than that with abrasive concentration of 100.
Effects of number of slots. Figure 19 shows the effects of the number of slots on surface roughness. Surface roughness first decreased and then increased with the increase in the number of slots. The two-slot cutting tool generated the smallest R a and its variation while using the tool without slots generated the largest R a and its variation.
The possible reason was that with the increase in contacting force F x , the load of the cutting tool increased, leading to the increase in the tool-wear rate. Therefore, the CFRP composites were not sharply cut, resulting in higher surface roughness. 9, 36 Another possible reason was that the slots on the tool would increase the coolant flow rate, which could improve the lubrication between the tool and the workpiece. For the two-slot tool, it had both enough total cutting contact (time and area) and good lubrication. Comparing to the tool without slots, although the two-slot tool had less grains participating in grinding, the coolant between the tool and the workpiece played a lubrication role in generating smaller surface roughness. For this reason, the two-slot tool led to a smaller surface roughness than that without slots. 50, 59, 60 Comparing with the two-slot tool, the four-slot tool had less abrasive grains taking part in grinding, resulting in the decrease in active cutting contact (time and area) and further leading to a larger R a value. 50 In addition, the decreasing rate of the number of grains was much larger, resulting in the increase in average MRR (MRR 1 ) and further the increase in tool wear, which led to the increase in surface roughness. 9, 36 This was the possible reason why the four-slot tool resulted in the larger surface roughness.
Effects of tool geometry. Figure 20 shows the effects of the tool geometry on surface roughness. It can be seen that the concave tool generated remarkably larger surface roughness (worse surface finish) and its variation than the flat or convex tool. The relationship between the tool geometry and surface roughness was similar to that between the tool geometry and F x forces.
The possible reason was that the increase in the contacting force F x generated by the concave tool caused the increase in cutting-tool load, leading to the increase in tool-wear rate. For this reason, the CFRP composites were not sharply cut, leading to the concave tool generating the highest surface roughness. 9, 36 Another possible reason was that during RUM surface grinding, the flat tool and convex tool had more abrasive grains participating in machining per unit area, leading to smaller surface roughness. 50 In addition, it was also the possible reason that the flat and convex tool had better coolant conditions.
Conclusion
In this article, the effects of RUM tool variables (including abrasive size, abrasive concentration, number of slots, and tool geometry) on output variables (cutting forces, torque, and surface roughness) have been for the first time investigated in RUM surface grinding processes when MRR was kept the same. The Figure 19 . Effects of number of slots on surface roughness. Figure 20 . Effects of tool geometry on surface roughness.
following conclusions can be drawn from this investigation:
1. All cutting forces (F x and F z ) and torque decreased with the increase in abrasive size. Surface roughness increased with the increase in abrasive size. 2. The tool with larger abrasive concentration generated higher cutting forces (F x and F z ), torque, and surface roughness. 3. With the increase in the number of slots, cutting forces (F x and F z ), torque, and surface roughness first decreased and then increased. 4. The concave tool generated the highest F x and surface roughness. The convex tool resulted in the lowest F x and surface roughness and caused the highest F z and torque. The flat tool generated the lowest F z and torque. 5. The changing trends of torque were consistent with those of the cutting force in axial direction F z .
This article studied the effects of different kinds of tools on surface grinding of CFRPs using RUM and provided guides for future investigations, especially for tool selections during RUM surface grinding of CFRPs. More experiments need to be conducted to investigate tool variables with dominant effects on different output variables.
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